Pulmonary arterial and pulmonary arterial "wedge" pressures were measured in 35 patients during cardiac catheterization. Pulmonary arterial compliance (C) was calculated from the diastolic pulmonary arterial pressure profile, left atrial pressure, and pulmonary vascular resistance (R). In the pulmonary normotensive group, compliance averaged 2.87 ml/mm Hg; in patients with severe pulmonary hypertension, values as low as 0.7 ml/mm Hg were found. In 16 of these patients, pulmonary capillary blood flow was measured by N 2 Obody plethysmography. In pulmonary normotensive patients the pulsatility of capillary flow, i.e., the ratio of peak-to-mean flow rates, was 2:1; advanced pulmonary hypertension was associated with values as low as 1.2:1, suggesting marked damping of the flow pulse. The pulsatility index correlated well with the RC time constant of the pulmonary arterial system, so that damping of the pulmonary capillary flow pulse was associated with a prolonged time constant. This suggested that in severe pulmonary hypertension the pulmonary arterial walls are stiff and indistensible. A method was developed for estimating mean pulmonary arterial and left atrial pressure from the pulmonary capillary flow pulse, and the relationships between compliance and pressure and pulsatility index and RC time constant. N 2 O-pIethysmography can thus provide a reliable and repeatable, noninvasive method for investigation of the pulmonary vascular bed.
• In 1955, Lee and DuBois described N 2 Obody plethysmography for instantaneous pulmonary capillary blood flow measurement. They demonstrated that pulmonary capillary flow was pulsatile with each heart beat ( 1 ) . Modifications of the original method by Linderholm et al. (2) and Bosman et al. (3) allowed its application to the study of patients with valvular heart disease who were undergoing cardiac catheterization. Both these groups of workers noted the similarity in shape between the pulmonary capillary flow profile and the instantaneous pulmonary arterial-left atrial pressure difference. They suggested that the measurement of lung capillary blood flow in patients with valvular heart disease might be of diagnostic value. Recently Karatzas and Lee (4) studied 36 such patients combined cardiac catheterization and N 2 O-body plethysmography. They calculated the ratio of peak to mean flow rates as a measure of pulmonary capillary flow pulsatility and found inverse correlations between this pulsatility index and pulmonary arterial pressure, left atrial pressure, and pulmonary vascular resistance. However, these correlations did not achieve high statistical significance, and all that could be inferred was that some degree of damping of the pulmonary capillary flow pulse could be expected in patients with pulmonary hypertension. These workers also showed an inverse relationship between pulmonary capillary flow pulsatility and heart rate, but the relationship was not a simple one because normal pulsatility was preserved up to heart rates of 100 beats/min. This observation has recently been confirmed by preliminary lung capillary flow studies in patients with complete heart block and permanent fixed-rate pacemakers (Reuben and Harvey, unpublished observations). Some years previously, Wasserman et al. (5) constructed a computer analog of the pulmonary arterial system, and showed that a rise in pulmonary arterial resistance at constant compliance resulted in damping of the pulmonary capillary outflow pulse. A rise in pulmonary arterial compliance at constant resistance produced a similar damping of capillary flow pulsatility. However, they found that the combination of increased resistance and reduced compliance restored the pulmonary capillary flow pulsatility to normal. This suggested that the pulmonary arterial time constant (the product of resistance and compliance) was important in governing the
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pulsatility of the pulmonary capillary flow profile.
In a previous communication, a method was described for in vivo determination of pulmonary arterial compliance (volume change in the system per unit change in pressure) in dogs (6) . Acute pulmonary arterial hypertension was induced by hypoxic ventilation or serotonin infusion, and pulmonary arterial compliance (C) was shown to fall with increases in pulmonary arterial resistance (R). Furthermore, the relationship between compliance and resistance was a hyperbolic one so that the time constant of the pulmonary arterial system (RC) remained unaltered over a wide range of pulmonary arterial pressure. It was suggested that this constancy of the pulmonary arterial time constant would maintain the characteristics of the inflow to the capillary bed in the face of acute pulmonary arterial hypertension. Thus it was demonstrated that the pulsatility of pulmonary capillary flow (the ratio of peak to mean flow rates) was not altered during the hypoxia or serotonin studies (6) .
This paper examines the compliance of the pulmonary arterial system of patients with various degrees of pulmonary hypertension with the method of Engelberg and DuBois (7) and Shaw (8) . In 16 of the patients studied, the relationship between the pulsatility of pulmonary capillary flow and the time constant of the pulmonary arterial system was investigated.
Theory
Engelberg and DuBois (7) showed that, to a first approximation, the pulmonary arterial system could be regarded as a lumped system; that is, one described by a single value of resistance, compliance, and inertance. In reality, the pulmonary arterial system is a distributed one-the vessels show elastic taper and the walls become less distensible toward the periphery. However, an analysis of pulmonary vascular dynamics in distributed terms is complex and requires sophisticated computer programming. Engelberg and DuBois showed that the "lumped" pulmonary arterial compliance could be calculated from the pulmonary 42 REUBEN 
MS, MI
MS AF = atrial fibrillation; AI = aortic incompetence; AO DISS = dissection of the aorta; FSM = functional systolic murmur; HHH' = hypertensive heart failure; IHD = ischemic heart disease; MI = mitral incompetence; MS = mitral stenosis; PS = pulmonary stenosis; PTE = pulmonary thrombo-embolism. arterial pressure profile during diastole and a knowledge of the left atrial pressure and the pulmonary vascular resistance. They considered the lumped pulmonary arterial system to be analogous to an electrical circuit consisting of a capacitor (C) and a resistance (R) in series ( Fig. 1 ). Thus right ventricular ejection (the square wave input on the left) is assumed to occur into a system of constant compliance and through a constant resistance.
The voltage discharge from the capacitor through the resistance, analogous to the diastolic pulmonary arterial-left atrial pressure difference, is an exponential function of time (the output waveform on the right in Fig. 1 ) and related to the time constant (RC) of the circuit. This approach to the analysis of the pulmonary arterial system was supported by Shaw's finding that the diastolic pulmonary arterial-left atrial (pulmonary arterial "wedge") pressure difference was a logarithmic function of time (8) . Figure 1 illustrates the calculation of pulmonary arterial compliance in patients on the basis of this analogy of the pulmonary arterial system to a simple RC circuit. Inertance is not shown because the analog computer studies of Wasserman (5) demonstrated that it had no significant effect on the pulmonary capillary flow pulse.
Methods
Thirty-five patients were studied during cardiac catheterization, and the anthropometric and diagnostic details are given in Table 1 . Sixteen patients without clinical or radiologic evidence of respiratory disease gave informed consent to undergo pulmonary blood flow studies simultaneously with cardiac catheterization. Thirty-one patients were in sinus rhythm and four were in well-controlled atrial fibrillation. Heart rate ranged from 50 to 85 beats/min with an average of 72 beats /min. A no. 9 double-lumen catheter was introduced into the pulmonary artery from a right antecubital vein under fluoroscopic guidance. Pulmonary arterial and pulmonary arterial wedge pressures, the latter taken as an indirect estimation of left atrial pressure (9), were measured with a Statham P23H twin strain gauge transducer. The frequency response of each catheter lumentransducer was determined by the pressure transient method (10) . In general, the damped natural frequency was 40-45 Hz and the damping ratio 0.2-0.3. Mean pressures were obtained electronically and cardiac output was measured by the Fick principle using a 5-minute expired gas collection (11) .
The patients who underwent plethysmography lay on the body plethysmograph couch, which was fully withdrawn from the chamber, and were placed beneath an image intensifier during the catheterization procedure. Pulmonary capillary blood flow was measured by the N 2 O-uptake technique during slow exhalation after a breath of 80% N 2 O in 20% O 2 , according to the method of Circ»Uiian Rsietrcb, Vol. XXIX, July 1971 Bosman (3) . Trie plethysmograph optical sensor and electropneumatic feedback system have been previously described (12, 13) with the relevant calibration details. The concentration of N 2 O in the expired gas was recorded continuously by an infrared N 2 O analyzer (Beckman model LB-1) in closed circuit with the body plethysmograph. Lead II of the electrocardiogram and a highfrequency phonocardiogram from the pulmonary area were also obtained. All parameters were recorded on a 12-channel photographic recorder (Cambridge Instrument Co.) at a paper speed of 100 mm/sec.
Analysis
Pulmonary vascular resistance was calculated conventionally from the equation (1) where R = pulmonary vascular resistance (mm Hg/ml/sec); PaL' = mean pulmonary arterial pressure (mm Hg); LA r = mean left atrial pressure (mm Hg); and Q = mean pulmonary blood flow (ml/sec). Figure 1 illustrates the theoretical method of calculation of pulmonary arterial compliance. In practice, compliance was calculated according to Engelberg and DuBois's equation 21 (7) . Thus c=- (2) where C = pulmonary arterial compliance (ml/mm Hg); R = pulmonary vascular resistance (mm Hg/ml/sec); P o and P t = pulmonary arterial pressures at the dicrotic notch and at the end of diastole, respectively (mm Hg); and t = time interval between P u and P t (sec).
R=(Pa P -LA r )/Q
The calculations were made in this manner to overcome theoretical objections to equating wedged pulmonary arterial pressure with left atrial pressure as regards phasic pressure changes (9) . However, in over half the patients, the instantaneous diastolic pulmonary arterial-pulmonary arterial wedge pressure difference was plotted on semilogarithmic paper and found to have a linear relationship with the diastolic time interval. In an earlier CircuUlion Research, Vol. XXIX, July 1971 study, Shaw similarly found the relationship between the diastolic pulmonary arterialpulmonary arterial wedge pressure difference and the diastolic time interval to be linear on a semilog plot in 38 patients (8) . He used the gradient of this relationship to calculate pulmonary arterial compliance, and his values are similar to those reported here.
The pattern of instantaneous N 2 O uptake and thus of pulmonary capillary blood flow was obtained by algebraically subtracting the plethysmograph gas flow record during exhalation following an inhalation of air, from the record obtained after inhalation of a single breath of 80* N 2 O in O 2 .
Instantaneous pulmonary capillary blood flow was calculated from the equation Relationship between pulmonary arterial compliance and mean pulmonary arterial pressure in patients. Each point on the graph represents the average value for a single patient.
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rate of N 2 O uptake (ml/sec); X = solubility coefficient of N^O in blood; and FA N2 O = alveolar concentration of N 2 O (%). The pulsatility index of the pulmonary capillary flow pulse was calculated as the ratio of peak to mean flow rates. Table 2 shows the hemodynamic findings in the 35 patients studied, including, in the relevant cases, the pulsatility of the capillary flow pulse. Figure 2 shows that the relationship between pulmonary arterial compliance and mean pulmonary arterial pressure is an inverse curvilinear function. A linear transform was applied to this data (13) Pap = mean pulmonary arterial pressure; LAp = mean left atrial pressure, (^ = mean pulmonary blood flow; R = pulmonary arterial resistance; C = pulmonary arterial compliance; RC = time constant of the pulmonary arterial system; Pulsatility index = peak pulmonary capillary flow/mean flow. 
Results

Relationship between pulmonary arterial resistance and the corresponding value of compliance in patients. The solid line was -fitted by eye and the open circles (o) represents patients whose data fell below the general relationship.
where C = pulmonary arterial compliance (ml/mm Hg), and Pa r = mean pulmonary arterial pressure (mm Hg). Figure 3 shows the relationship between pulmonary arterial compliance (C) and the corresponding value of resistance (R) for all the patients studied, and this figure, like the previous one, shows an inverse curvilinear relationship. Five patients had lower values of compliance for their level of pulmonary vascular resistance than the others. Four of these patients (9, 11, 18 and 35 in Table 2 ) had severe mitral stenosis with the highest left atrial pressures of the group (29-35 mm Hg); the fifth patient (13) had mild mitral incompetence and a normal left atrial pressure. The relationship shown in Figure 3 is quite dissimilar from the hyperbolic one found for the dog (6) and suggests that the pulmonary arterial time constant is not uniform over the range of pressures examined, but in fact increases with the higher levels of pulmonary arterial pressure ( Table 2 ). This graph demonstrates the damping of the capillary flow pulse (reduced pulsatility index) anticipated from the computer studies of Wasserman (5) as the time constant of the pulmonary arterial system lengthens with increasing pulmonary hypertension.
Discussion
Although the concept of the pulmonary arterial system as a lumped system is an oversimplification of reality, it is believed to be valid to a first approximation in view of the work of Engelberg and DuBois (7), Shaw (8) , and Reuben et al. (6) . Moreover, the present data suggest that interesting results can be obtained and clinically relevant conclusions drawn from such an analysis.
It was mentioned in the theory section that pulmonary arterial inertance was not calculated because analog computer studies (5) had shown that changes in it had no significant effect on pulmonary capillary flow pulsatility. Furthermore, Shaw (8) calculated pulmonary arterial inertance in 38 patients and found an average value of 1.9 g/cm 4 . In these patients there was little variation in the value of inertance despite a wide range of pulmonary vascular resistance. Recently, pulmonary arterial input impedance has been computed from instantaneous pressure-velocity measurements made with a catheter-tip, thin-film resistance anemometer (14) . These computations demonstrated a first impedance minimum ocurring at a frequency of 2.5 Hz in pulmonary normotensive patients (mean pulmonary artery pressure = 16 mm Hg) and at 4.5 Hz in patients with severe pulmonary hypertension (mean pulmonary arterial pressure = 45 mm Hg). Pulmonary arterial inertance can be calculated from the frequency of the first impedance minimum from the following where f m i u = frequency of first impedance minimum (Hz); L = pulmonary arterial inertance (g/cm 4 ); R = pulmonary vascular resistance (mm Hg/ml sec" 1 ); C = pulmonary arterial compliance (ml/mm Hg); and g-gravitational acceleration (g-cm/sec 2 ). The average value of pulmonary arterial compliance for the normotensive patients was 2.87 ml /mm Hg and the average value of the RC time constant was 0.208 sec ( Table 2) . Pulmonary arterial inertance calculated from these values and a value of 2.5 Hz for the impedance minimum is 1.72 g/cm 4 . The pulmonary arterial compliance averaged 0.85 ml/mm Hg for the pulmonary hypertensive patients (mean pulmonary arterial pressure > 40 mm Hg) and the RC time constant averaged 0.383 sec ( Table 2 ). The pulmonary arterial inertance in the pulmonary hypertensive patients is calculated to be 1.97 g/cm 4 , using these figures and 4.5 Hz for the frequency of the first impedance minimum. These two values are similar to the average value of 1.8 g/cm 4 calculated by Shaw (8) and confirm that there is little variation in inertance with pulmonary hypertension. Figures 2 and 3 show inverse curvilinear relationships between pulmonary arterial compliance and mean pulmonary arterial pressure and pulmonary arterial resistance, respectively. Thus the patients with the severe pulmonary hypertension had lower values of pulmonary arterial compliance and therefore stiffer pulmonary artery walls. However, at values of pulmonary arterial resistance above 0.4 mm Hg/ml sec" 1 (and mean pulmonary arterial pressure above 40 mm Hg), the relationships in Figures 2 and 3 appear to flatten out, so that further increases in resistance and pressure are associated with Circsistlion Restarcb, Vol. XXIX, Jaly 1971 little change in pulmonary arterial compliance. This suggests that above this level of resistance the pulmonary arterial walls are stiff and indistensible.
This conclusion is in agreement with previously reported observations on the distensibility of mammalian blood vessels (15) (16) (17) (18) (19) . The shape of the compliancepressure relationship (Fig. 2) is similar to that found in dogs (6) . However, it is difficult to explain the difference between Figure 2 and the phase velocity-pulmonary arterial pressure relationship shown by Milnor (19) . Milnor's study was on a small number of patients and there was considerable scatter of the data points. In addition, the use of the differential pressure method to compute flow velocity is fraught with dangers from possible variations in catheter-transducer frequency response during the actual pressure recordings. A good dynamic response at the beginning or end of the study is no guarantee of an adequate response during the procedure, and even small changes in the phase characteristics of the two transducer systems could lead to significant errors in the computed phase velocity. The pressure-volume response of the pulmonary vascular bed has been studied in isolated lungs (18, 20) and the shape of the relationship is similar to Figure 2 . Thus, at the higher pressures, the incremental volume changes were small and therefore the compliance (change in volume/change in pressure) was low.
In Figure 3 , data points for five patients are shown as open circles because they fall below the general compliance-resistance relationship. These patients seemed to have poorly compliant pulmonary arterial walls, out of keeping with the level of pulmonary vascular resistance ( Table 2) . Four of these patients had severe mitral stenosis and the fifth had mild mitral incompetence. One can postulate that these patients may have had increased smooth muscle tone in the pulmonary arterial walls consequent upon extremely high left atrial pressure. This would be in keeping with the suggestion of Milnor (19) , who found that at any given pulmonary arterial pressure, phase Circ*UUon Rtsetrcb, Vol. XXIX, Jtdy 1971 velocity was higher in those patients with higher pulmonary vascular resistance. A further point of interest regarding the five patients is that the pulsatility index of capillary flow in the three who underwent N2O-plethysmography is high despite the degree of pulmonary arterial hypertension. This is anticipated from the computer studies of Wasserman (5) , because in these patients the RC time constant is either normal or slightly reduced and should therefore be associated with a pulmonary capillary flow pulse of normal pulsatility. Although it has been suggested that pulmonary venous hypertension is associated with damping of the pulmonary capillary flow pulse (4), few patients have been studied who do not have associated pulmonary arterial hypertension and consequent elevated pulmonary vascular resistance. The small number of patients who did have elevated pulmonary venous pressures with near normal arterial pressures had capillary flow pulsatility in the normal range. These latter patients had mitral incompetence and it is interesting that their capillary flow pulses were not unduly damped even though this might be expected on the grounds of raised left atrial pressure and retrogradely transmitted v waves (4) .
The stiffening of pulmonary arterial walls in pulmonary hypertension inferred from Figures 2 and 3 can lead to profound effects on right ventricular performance. O'Rourke (21) demonstrated that impaired aortic distensibility increased left ventricular stroke work and pulsatile energy losses in the systemic circulation. Similar effects have been demonstrated for the pulmonary arterial system of patients with valvular heart disease (19). Thus, in patients with chronic pulmonary hypertension, not only is the right ventricular work load increased, but a larger proportion of this work will be expended in distending the stiffened pulmonary arterial walls.
The chain of events in valvular heart disease would appear to be an initial elevation of pulmonary venous pressure followed by a rise in pulmonary vascular resistance and consequent marked elevation of pulmonary arterial pressure. Many workers have demonstrated 48 REUBEN that the compliance of a vascular wall is closely related to the intravascular pressure (8, 13, 15, 16) , as Figure 2 shows, and so stiffening of the walls is a natural consequence of the chronic pulmonary hypertension. This is an oversimplification because, as Table 2 shows, there are patients with mitral valve disease and high left atrial pressure but normal pulmonary vascular resistance. Perhaps in these patients the sequence of events is that the raised left atrial and pulmonary venous pressures are accompanied by a passive rise in pulmonary arterial pressure, which causes increased smooth muscle tone in the pulmonary arterial walls and therefore reduced compliance. This could explain why the five open-circle data points in Figure 3 are distinct from the general relationship. It is conceivable that passive pulmonary hypertension can be distinguished from active pulmonary hypertension using the pulmonary arterial compliance and the compliance-resistance relationship as shown in Figure 3 .
In the patients with the most severe pulmonary hypertension, the time constant was prolonged when compared to the values calculated for the pulmonary normotensive patients ( Table 2 ); Figure 4 shows that this situation was associated with damping of the capillary flow pulse. The present data thus supports the computer findings of Wasserman and his colleagues (5) that the time constant of the pulmonary arterial system is of importance in the autoregulation of the pulmonary capillary flow profile. Moreover, these results offer an explanation for the poor correlations found by Karatzas and Lee (4) in that no account was taken of possible reduced pulmonary arterial compliance. As Wasserman's data show, pulmonary capillary flow pulsatility correlated with pulmonary arterial Correlations between the recorded mean pulmonary arterial pressure and calculated pulmonary arterial pressure and between recorded mean left atrial pressure and the calculated value. Linear regressions for both sets of data are shown. resistance if compliance remained constant (5) .
It is now possible to estimate mean pulmonary arterial and left atrial pressure from the pulmonary capillary flow pulse recorded by the NaO-uptake technique. Use is made of the previously found relationship between pulmonary artery-capillary flow conduction time and pulmonary arterial pressure (13) and that found in the present work between compliance and pressure (Eq. 4) and between pulsatility of capillary flow and pulmonary arterial time constant (Eq. 5). Analysis of the N 2 O-uptake record provides the following information: (1) mean pulmonary blood flow, (2) pulsatility of capillary flow (ratio of peak to mean flow rates), and (3) pulmonary artery-capillary flow conduction time measured from the third major vibration of the first heart sound to the foot of the capillary flow pulse.
Mean pulmonary arterial pressure is estimated from the measured flow conduction time (ct) and the following equation (13) . Papcalc = 1910 ct-31 where Pa P calc = calculated mean pulmonary arterial pressure.
This value of pressure is used in Eq. 4 to estimate the pulmonary arterial compliance (C). The pulsatility index of pulmonary capillary flow is then inserted into Eq. 5 to obtain the pulmonary arterial time constant, and with the estimated compliance from Eq. 4, the pulmonary arterial resistance (R) can be calculated. Finally, this latter value of resistance can be incorporated into Eq. 1, with the measured mean pulmonary blood flow and the estimated pulmonary arterial pressure (Pa r calc), to calculate an approximate mean left atrial pressure. Table 3 shows the data for the 16 patients who underwent N2O-plethysmography, and Figure 5 illustrates the close correlation between the recorded and calculated pulmonary arterial and left atrial pressures. The regression equations obtained were:
Pa r calc = 1.26 + 0.90 Pa P rec; correlation coefficient, r = 0.96; P>0.10; standard error of the slope = 0.067; LApcalc = 4.25 = 0.85 LA P rec; correlation coefficient, r = 0.76; P > 0.10; standard error of the slope = 0.200, where Pa r calc = calculated mean pulmonary arterial pressure; Pa r rec = recorded mean pulmonary arterial pressure; LA P calc = calculated mean left atrial pressure; and LA r rec = recorded mean left atrial pressure.
NoO-plethysmography can thus be of considerable value for the repeated estimation of pulmonary arterial and left atrial pressure by a noninvasive technique, provided heart rate does not exceed 100 beats/min.
